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DESCRIPTION 

SELF -ADDRESSABLE SELF - ASSEMBLING 
MICROELECTRONIC SYSTEMS AND DEVICES 
FOR MOLECULAR BIOLOGICAL ANALYSIS AND DIAGNOSTICS 

Field of the Invention 

This invention pertains to the design, fabrication, 
and uses of a self -addressable, self -assembling microelec- 
tronic system which can actively carry out and control 
5 multi-step and multiplex reactions in microscopic formats. 
In particular, these reactions include molecular biologi- 
cal reactions, such as nucleic acid hybridizations, anti- 
body/antigen reactions, clinical diagnostics, and biopoly- 
mer synthesis. 

10 Background of t he Invention 

Molecular biology comprises a wide variety of tech- 
niques for the analysis of nucleic acid and protein, many 
of which form the basis of clinical diagnostic assays. 
These techniques include nucleic acid hybridization 
15 analysis, restriction enzyme analysis, genetic sequence 
analysis, and separation and purification of nucleic acids 
and proteins (See, e.g., J. Sambrook, E. F. Fritsch, and 
T. Maniatis, Molecular Cloni ng: A Laboratory — Manual, 
2 Ed., Cold Spring Harbor Laboratory Press, Cold Spring 
20 Harbor, New York, 1989) . 

Most molecular biology techniques involve carrying 
out numerous operations (e.g., pipetting) on a large 
number of samples . They are often complex and time 
consuming, and generally require a high - degree of 
25 accuracy. Many a technique is limited in its application 
by a lack of sensitivity, specificity, or reproducibility. 
For example, problems with sensitivity and specificity 
have so far limited the application of nucleic acid 
hybridization . 
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Hucleic acid hybridization analysis generally 
involves the detection of a very small numbers of specie 
target nucleic acids (DKA or RNA) with probes among a 
iSe amount of non-target nucleic acids. In order to 
5 Keep high specificity, hybridization is normally carrred 
oufunder the most stringent condition, achieved hrough 
I combination of temperature, salts, detergents, solvents, 
chaotropic agents, and denaturants. 

Multiple sample nucleic acid hybridization analyse 

,„ h as been conducted on a variety of filter and solid 
L0 has been cono ^ rhn n a in 

^ortformat^ .see • .Belt ^ ^ ^ 

- ■ -demic Press, Hew «. Chapter 

„!Ta radioisotope labeled probe (s) . "Dot blot" hybrxd,- 
1: ained wide-spread use. and many version, "ere 
developed (see M. „. M. Anderson and B D Younger 
, • ^ict » *r«l»«tir - * Prarnral Hpproa.cn, 

B. D. Hames. been developed 

K - ^r\Vana^sis of ^"c stations <p. »anibhushan 
^7 ^ZX ™ 0333075. July X987, and for the 
25 fa te UoTof 'overlapping clones and ^-st^ct^ of 
. f G A Evans, in US Patent #5,219,726, 

genomic maps (G. a. £.v«*us>, 

JUnS Lnotnefformat. the so-called "sandwich" hybridiza- 
tion." volves attaching oligonucleotide probes covalently 
3„ to a solid support and using them to capture ****** 
multiple nucleic acid targets . <M. Ran*, et al . , 21. 
m 77 85 1983; A. M. Palva, T. M. Ranki, and H. E. 
?'« .lund In UK Patent Application GB 2156074A. 
" '. ".S, T. «• «-* and H. E. Soderlund in US 
35 Patent . U».41». -nuary 7. ».«, A. ». ». Ma colm and 
J. A. Langdale. in PCT WO B6/03782, July 3, 1986, 
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Y. Stabinsky, in US Patent # 4,751,177, January 14, 198 8; 
T. H. Adams et al., in PCT WO 90/01564, February 22, 1990; 
R. B. Wallace et al. 6 Nucleic Acid Res. 11, p. 3543, 
1979; and B. J. Connor et al. , 80 Proc. Natl. Acad. Sci. 
5 USA pp. 278-282, 1983). 

Using the current nucleic acid hybridization formats* 
and stringency control methods, it remains difficult to 
detect low copy number (i.e., 1-100,000) nucleic acid 
targets even with the most sensitive reporter groups 
10 {enzyme, f luorophores, radioisotopes, etc.) and associated 
detection systems (f luorometers, luminometers, photon 
counters, scintillation counters, etc.). 

This difficulty is caused by several underlying 
problems associated with direct probe hybridization. The 
15 first and the most serious problem relates to the strin- 
gency control of hybridization reactions. Hybridization 
reactions are usually carried out under the most stringent 
conditions in order to achieve the highest degree of 
specificity. Methods of stringency control involve 
20 primarily the optimization of temperature, ionic strength, 
and denaturants in hybridization and subsequent washing 
procedures. Unfortunately, the application of these 
stringency conditions causes a significant decrease in the 
number of hybridized probe/target complexes for detection. 
25 The second problem relates to the high complexity of 

DNA in most samples, particularly in human genomic DNA 
samples. When a sample is composed of an enormous number 
of sequences which are closely related to the specific 
target sequence, even the most unique probe sequence has 
3 0 a large number of partial hybridizations with non- target 
sequences . 

The third problem relates to the unfavorable hybridi- 
zation dynamics between a probe and. its specific target. 
Even under the best conditions, most hybridization reac- 
35 tions are conducted with relatively low concentrations of 
probes and target molecules. In addition, a probe often 
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ronroete wi th the complementary strand for the 

has to compete wiu 

target nucleic , acUL ^ ^ hybriaizat ion 

^ C Lel of non-specific ***** 

^ ^ ^ *" a££lnity ° f " a Pr0b8S 
almost any indivl dually or in combina- 

rr^'o^ ^ s^itivity ana/or specificity for 
ci on. lead to * ^ ^ formats . 

nucleic acid hybrldizat detection of low copy 

number nucleic :^d t^t 

acid-based clinical ^ ^ detectlng low copy 

Because of the ui rese arch community relies 

number nucleic acid targets, the «« the 

, heavily on ~j£ZZZ?SL*-~ «- - 

amplification of target JL i: „Kh m and 

Innis et al., £ enormous number 

TTZ races' produced by the PC* 
of target nucleic acld S ^ n „ nucleic acid probe 

» — ^Tttt r ^lengthy and cumbersome 

techniques, albeit at the oo 

procedure. eIcception to the general difficulty in 

A distinctive exceptio ^ ^ a 

meeting low W "^^ technique. This 
25 direct P^^^' cop; -mbsr unioue nucleic acid 

rr= — — - L ~: at::ti s iy 
~ - rr rrr ^- «-» - - 

the area o a ce conce ntration. Furthermore, the 

30 a relatively high l° ca confined to a morpho- 

probe/target ^^^"^ it easier to distin- 
logically distinct area t artl£iclal or non-specific 
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Mimicking the in-situ hybridization, new techniques 
are being developed for carrying out multiple sample 
nucleic acid hybridization analysis on micro- formatted 
multiplex or matrix devices (e.g., DNA chips) (see M. 
5 Barinaga, 253 Science, pp. 1489, 1991; W. Bains, 10 
Bio/Technology, pp. 757-758, 1992) . These methods usually 
attach specific DNA sequences to very small specific areas 
of a solid support , such as micro-wells of a DNA chip . 
These hybridization formats are micro-scale versions of 
10 the conventional "dot blot" and "sandwich" hybridization 
systems . 

The micro- formatted hybridization can be used to 
carry out "sequencing by hybridization" (SBH) (see M. 
Barinaga, 253 Science, pp. 1489, 1991; W. Bains, 10 

15 Bio/Technology, pp. 757^758, 1992) . SBH makes use of all 
possible n-nucleotide oligomers (n-mers) to identify n- 
mers in an unknown DNA sample, which are subsequently 
aligned by algorithm analysis to produce the DNA sequence 
(R. Drmanac and R. Crkvenjakov, Yugoslav Patent Applica- 

20 tion #570/87, 1987; R. Drmanac et al., 4 Genomics, 114, 
1989; Strezoska et al., 88 Proc. Natl. Acad. Sci. USA 
10089, 1991; and R. Drmanac and R. B. Crkvenjakov, US 
Patent #5,202,231, April 13, 1993). 

There are two formats for carrying out SBH, The 

25 first format involves creating an array of all possible n- 
mers on a support, which is then hybridized with the 
target sequence. The second format involves attaching the 
target sequence to a support, which is sequentially probed 
with all possible n-mers. Both formats have the funda- 

30 mental problems of direct probe hybridizations and addi- 
tional difficulties related to multiplex hybridizations. 

Southern, United Kingdom Patent Application GB 
8810400, 1988; E. M. Southern et al., 13 Genomics 1008 , 
1992, proposed using the first format to analyze or 
35 sequence DNA. Southern identified a known single point 
mutation using PCR amplified genomic DNA. Southern also 
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10 



15 



* <hed a method for synthesizing an array of oligonu- 
described a metnoa However, Southern 

lanH( , eg 0 n a solid support for SBH. woweve 
cleotides on stringency condx- 

did not address how to acmeve of 
^- n fnr each oligonucleotide on an array, 
tion for eacn uj- a 1993, used an 

Fodor et al.. 364 Nature, pp. 555-556, 1993 
of i 024 8-mer oligonucleotides on a solid support 
array Ienc'e DNA "la this case, the target DNA was a 

array. The r _ ^ ^ 

problems of direct pro ^ problems, 

ST«^ ^er^e severe limitations to «- 

SBH ^currently. — c et aX.. Science ««,-««. 

the second format to sequence several short 
, 199 3. used the secon at tached to 

(116 bp) « - -ch f ilter was 

m e^rane supports ( dot ^ ^ ^ 

sequentially hybrid! strlnge ncy condition 

5 :=r"::eve Ve",: 4— - - ~ 

Zll „ashin 9 times varied from .--*-*» o— , 
and temperatures from 0 C 1 SC ^ ^ ^ 

rVr 3 ! ^ 1 "- order to 

l3 ^e overall false positive hybridization rate 
30 S19na ' 3 - in "ite of the simple target sequences, the 
TeLed set ofoli 3 omer probes, and the use of the most 
st rin g ent conditions -Uable^ ^ _^ ^ ^ 

vnAoT et al. i z=>x ^ w _ 

u- , er hniaues to synthesize oligonucleo- 
35 photolithographic techniques t yn 

tides on a matrix. Pxrrung et al., 
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# 5,143,854, September 1, 1992, teach large scale photo- 
lithographic solid phase synthesis of polypeptides in an 
array fashion on silicon substrates. 

In another approach of matrix hybridization, Beattie 
5 et al w in The 1992 San Diego Conference: Genetic Recogni- 
tion , November, 1992, used a microrobotic system to 
deposit micro-droplets containing specific DNA sequences 
into individual microf abricated sample wells on a glass 
substrate* The hybridization in each sample well is 

10 detected by interrogating miniature electrode test 
fixtures, which surround each individual microwell with an 
alternating current (AC) electric field. 

Regardless of the format, current micro- scale DNA 
hybridization and SBH approaches do not overcome the 

15 underlying physical problems associated with direct probe 
hybridization reactions. They require very high levels of 
relatively short single -stranded target sequences or PCR 
amplified DNA, and produce a high level of false positive 
hybridization signals even under the most stringent condi- 

20 tions. In the case of multiplex formats using arrays of 
short oligonucleotide sequences, it is not possible to 
optimize the stringency condition for each individual 
sequence with any conventional approach because the arrays 
or devices used for these formats can not change or adjust 

25 the temperature, ionic strength, or denaturants at an 
individual location, relative to other locations. There- 
fore, a common stringency condition must be used for all 
the sequences on the device. This results in a large 
number of non-specific and partial hybridizations and 

30 severely limits the application of the device. The 
problem becomes more compounded as the number of different 
sequences on the array increases, and as the length of the 
sequences decreases. This is particularly troublesome for 
SBH, which requires a large number of short 
35 oligonucleotide probes. 
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. rids of different size, charge, or 
Nuclei acldS separa ted by electrophoreses 

conformation a~ y 

techniques whxch can dl ^ elecfcric field . Pulse 

their differential tnobxlxty ement of mult iple 

field electrophoresis uses separa te very 

^^^^^^'^Jt - resolved by 
large DNA "-^^ sys tems (see H. 
conventional gel elect j *^^^ g _ 2f ^^ 
E- M. Southern xn S^-f^f"^^^ 
S^racticai^EEr^ach^ 2 ' 2< 199Q) . 

Eds ., IRL P - SS '; eW /;f 9 ' 08 PP 112 , M arch 13, 1990, teaches 
Pace, US Patent #4.908.11 , capillary 
us ing micro-fabrication "^j^.^**., 

i tiple electrodes are in ^ q m within the devxce. 

-lecules through the ^ f June 30 , 1992, 

Soane and ca n be used to control 

teach that a ^^rged molecules in a mixture 

th e linear ^^J^J dLum contained in a tub. 
:0 through a gel separat . ^ ^ fco cQntrol 

El ectrodes have to ^ the sepa ration 
the movement and posxtio 

medium. 2S IEEE Transactions on 

Washizu, M. ^ d Kur ° SaWa ' ° 16 ; 1172 1990 , used high- 
25 industry Applications 6. pp. ^ ^ orient DNA 

frequency alternating curre ^ ^ produC ed between 

molecules in However , the use of direct 

microfabricated electrodes ^ ^ ^ 

current (DC) fields « * atic8 109 . 123 , 1990, 

30 Washizu 25 Journal ot bio logical mole- 

describes the manipulatxon of ^ ^ ^ ^ 

cules using dielectrophoresi . the electric 

^logical -lecules can be orxent ^ ^ ^ ^ 
fields lines produced y the dielec trophoresis 

35 electrode frequenc y AC (1 MHz) voltage 

process requires a very a a 
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and a low conductivity medium. While these techniques can 
orient DNA molecules of different sizes along the AC field 
lines, they cannot distinguish between hybridization 
complexes of the same size. 
5 As is apparent from the preceding discussion, 

numerous attempts have been made to provide effective 
techniques to conduct multi-step, multiplex molecular 
biological reactions. However, for the reasons stated 
above, these techniques have been proved deficient. 
10 Despite the long-recognized need for effective technique, 
no satisfactory solution has been proposed previously. 

Summary nf the Invention 

The present invention relates to the design, fabrica- 
tion, and uses of a self -addressable self -assembling 
15 microelectronic system and device which can actively carry 
out controlled multi-step and multiplex reactions in 
microscopic formats. These reactions include, but are not 
limited to, most molecular biological procedures, such as 
nucleic acid hybridization, antibody/antigen reaction, and 
20 related clinical diagnostics. In addition, the claimed 
device is able to carry out multi-step combinational 
biopolymer synthesis, including, but not limited to, the 
synthesis of different oligonucleotides or peptides at 
specific micro- locations . 
25 The claimed device is fabricated using both micro- 

lithographic and micro-machining techniques. The device 
has a matrix of addressable microscopic locations on its 
surface; each individual micro-location is able to elec- 
tronically control and direct the transport and attachment 
30 of specific binding entities (e.g., nucleic acids, anti- 
bodies) to itself. All micro- locations can be addressed 
with their specific binding entities. Using this device, 
the system can be self -assembled with minimal outside 
intervention . 
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• is able to control and actively carry out 
The device is able or rea ctants 

a variety of assays and reac eiectrophoresi3 to any 

can be t^-^*^^ ^ ^s or reactants 
specific -«°- IOCa "° atea md reacted with the specie 
are effectively « """^^i.. The sensitivity 
binding entity at said rea ctant is improved 

£or aetectin g s ^rc ^ ^ d 

because of the cone fey reversing the 

analytes or reac T hus. the device also 

a micro -location., 
polarity of a » ass md reactions. 

improves the <*« lJl "£ indepe „dent stringency control 
Th e device provides m op mlcro -location S . 
£or hybridisation reac-ns - ^ ^ ^ ^ 

Thus all the » lcM - 1 ° C » t " nM at the same time, allowing 
f erent stringency conditions at t ^ ^ ^.^ 

multiple hybridizations to 
conditions. 4 i it ateB the detection of hybrid- 

The device also ^ ation by using an associ- 

iz ed complies - ^ spectrophotom etric, imaging 
20 ated optical (flu d sensing component, 

detector system or an integ ^ ^ ^ 

In addition, the act ^ ^ ^ mnl . 

complex multi-step reactions^ t ^ ^ 
^ outside physic al manipu^ » ns.^ can ^ 

.» ^ ^^catT - copied to another base 

elect ronxcalJ-y iC f 

^Thus, the claimed device - 

^^ r ^^r^-tl^. The rate, 
control, preferab XY«£ multl -step and multiplex 

rritn^e^^ed at specific micro- locations 

o£ the claimed ^c- ^ ^ limicati ons of 

The prese nt ^ti-sample hybridizations 

the arrays and devices inve ntion. Previous 

described in the background of 
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methods and devices are functionally passive regarding the 
actual hybridization process. While sophisticated photo- 
lithographic techniques were used to make an array, or 
microelectronic sensing elements were incorporated for 
5 detection, previous devices did not control or influence 
the actual hybridization process. They are not designed 
to actively overcome any of the underlying physical 
problems associated with hybridization reactions. 

This invention may utilize micro-locations of any 
10 size or shape . consistent with the objective of the 
invention. In the preferred embodiment of the invention, 
micro- locations in the sub-millimeter range are used. 

By "specific binding entity" is generally meant a 
biological or synthetic molecule that has specific 
15 affinity to another molecule, through covalent bonding or 
non-covalent bonding. . Preferably, a specific binding 
entity contains (either by nature or by modification) a 
functional chemical group (primary amine, sulfhydryl, 
aldehyde, etc.), a common sequence (nucleic acids), an 
20 epitope (antibodies), a hapten, or a ligand, that allows 
it to covalently react or non-covalently bind to a common 
functional group on the surface of a micro-location. 
Specific binding entities include, but are not limited to: 
deoxyribonucleic acids (DNA) , ribonucleic acids (RNA) , 
25 .synthetic oligonucleotides, antibodies, proteins, pep- 
tides, lectins, modified polysaccharides, synthetic 
composite macromolecules, functionalized nano structures, 
synthetic polymers, modified/blocked nucleotides/nucleo- 
sides, modified/blocked amino acids, f luorophores, chromo- 
30 phores, ligands, chelates and haptens. 

By "stringency control" is meant the ability to 
discriminate specific and non-specific binding 
interactions. 

Thus, in a first aspect, the present invention 
35 features a device with an array of electronically self- 
addressable microscopic locations . Each microscopic 
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• an underlying working direct current 
location centals an underly _g substrate . The 

(DC) micro -electrode * permeation la yer for 

^f^of^^^^J,,^^ and an 

; attachment layer 
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two dimensional arrays.^^ ^ ^ ^ £rom 

l0 matrix formats. { chousa nds.. 

several to at least hundred ° . Bettoa 

In a second to ^ specific micro- 

£or transporting the _ a micro . loc ation 

action on the ^ tIO(i «« i o transport of any 

15 can affect the free f»U entity 

charged functronal^ed specrf ^.^ation, the . 

itself. «P°n -ntac *« liranedl ately becomes 
f-ncti^i.-.^^^JL iayer surface of 
ccvalently attached to th ^ cro . 10 cations can 

20 that specific ^^'by staining them at the 
be simultaneous^ protect y^ ^ 

t ea«d until all the micro-locations are 
can be rapidJ-Y «f v,indinq entities, 

addressed with their spedf- brute* g ^ 

25 By -charged f— u- d soe ^ ^ 

is meant a -^"^fj cova lent attachment to a 

for concentrate and reactx g ^ 
any specific Sr ^- M iT^. the underly- 
attachment of thespe micro . 10 =ation continue, to 

ing ^ent (DC) mode. This un iq ue 

" rt- al"o:s relatively diiute charged anaiytes or 
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reactant molecules free in solution to be rapidly trans- 
ported, concentrated, and reacted in a serial or parallel 
manner at any specific micro- locations which are main- 
tained at the opposite charge to the analyte or reactant 
5 molecules. Specific micro-locations can be protected or 
shielded by maintaining them at the same charge as the 
analytes or reactants molecules. This ability to 
concentrate dilute analyte or reactant molecules at 
selected micro-locations greatly accelerates the reaction 

10 rates at these micro-locations. 

When the desired reaction is complete, the micro- 
electrode potential can be reversed to remove non-specific 
analytes or unreacted molecules from the micro-locations. 
Specific analytes or reaction products may be 

15 released from any micror location and transported to other 
locations for further analysis; or stored at other 
addressable locations; or removed completely from the 
system. 

The subsequent analysis of the analytes at the 
20 specific micro-locations is also greatly improved by the 
ability to repulse non-specific entities from these 
locations. 

In a fourth aspect, this invention features a method 
for improving stringency control of nucleic acid hybridi- 
25 zation reactions, comprising the steps of: 

-rapidly concentrating dilute target DNA and/or probe 
DNA sequences at specific micro- location (s) where hybridi- 
zation is to occur; 

-rapidly removing non-specif ically bound target DNA 
30 sequences from specific micro-location (s) where hybridi- 
zation has occurred; 

-rapidly removing competing complementary target DNA 
sequences from specific micro- location (s) where hybridi- 
zation has occurred; 
35 -raising electric potential to remove partially 

hybridized DNA sequences (more than one base mis -match) ; 
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electric potential to improve the 
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solution; and n _ ntial control to improve hybridi- 

capture oligonucleotide £eaCures . method 

l0 m a fifth aspect, this « caCions . 

- r"^^. — s a metbod 

for replicating a master £eature s methods 

in a seventh aspect have occurred 

15 £o r detecting ana > ana y~ ~~ ^ 

at tto addressed micro 1 ^ MSOcia ted optical, 
microelectronic device : ^ or 
optoelectromc or e ^ . ntegrated optrcal, 

^^"reTectronic detection systems. 

20 optoelectronic 

Erisf-BSIS^AS!**^^ o£ chree sel£ -address- 

_ :r iocatrix;red 

"^r^ a is t- cross-section of a .icrolithograph- 

" ically fabricated ^^'representation of a self- 
FIGORE 3 is a schematic P 

addressable M -"-^U^cleotides. and tested. 
£ab ricated. addressed w,th o^ « ^ atry proce . 

FIGURE 4 shows ^^"^ ooupUng of specific 

*~ Wh \totfr S t oTh^«achme„t surface of a micro- 
oligonucleotides 



35 



XOOat ;;aOP E 5 is a blown-up schematic diagram of a micro- 
«toed 96 mi cro-locations device. 
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FIGURE 6 is the cross-section of a micro-machined 
device. 

FIGURE 7 shows the mechanism the device uses to 
electronically concentrate analyte or reactant molecules 
5 at a specific micro- location. 

FIGURE 8 shows the self -directed assembly of a device 
with three specific oligonucleotide binding entities (SSO- 
A, SSO-B, and SSO-C) . 

FIGURE 9 shows an electronically controlled 
D hybridization process with sample/target DNA being 
concentrated at micro- locations containing specif ic DNA 
capture sequences. 

FIGURE 10 shows an electronically directed serial 
hybridization process. 
5 FIGURE 11 shows the electronic stringency control 

(ESC) of a hybridization process for determining single 
point mutations. 

FIGURE 12 shows a scheme for the detection of 
hybridized DNA without using labeled DNA probe, i.e., 
0 electronically controlled fluorescent dye detection 
process. 

FIGURE 13 shows a scheme of electronically controlled 
replication of devices. 

FIGURE 14 shows a scheme of electronically directed 
5 combinatorial synthesis of oligonucleotides. 

Detailed Description of the Inv ention 

The devices and the related methodologies of this 
invention allow important molecular biology and diagnostic 
reactions to be carried out under complete electronic 

10 control. The basic concept of this invention is a micro- 
electronic device witsh specially designed addressable 
microscopic locations. Each micro-location has a deriva- 
tized surface for the covalent attachment of specific 
binding entities (i.e., an attachment layer) , a permeation 

35 layer, and an underlying direct current (DC) micro- 
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v, initial fabrication of the basic 
el ectrode. After the xnxtxal^ ^ ^ ^ ^ ^ 

rai croelectronic struct ^ l£ic mi cro-location with 

direct the addressing of ^ _ addressed de vice xs 

specific ^ di ^: n l tie a S ctively carry out ^Iti-step 
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subsequently able to act y ^ ^ o£ llt 

combinatorial, ana jl P - ^ ^ ^ electronically 
ni cro-locations. The ^ ^ concentrat ion of 

direct and control the rap ^ q£ lt3 mcro . 

^ytes and " che device to electronically 

locations. The ability of rea=tlon3 pro vides 

control the ^ Vantages and improvements. 

. number of new and ij«^ ^ q£ ^ lnventi n are 
The concepts and emo seo tion, "Design 

described in three Mvioe3 ,. ascribes the 

and Fabrication of >* microelectronic device and 

design of the ^^^^ m icrolithographi= and 
the fabrication of the devl , gel£ . 

m icromachining 4escribes the self- 

Directed Addressing of the _ specifically 

„ addressing and ^ o£ specific binding 

the rapid transport ana cnird section, 

entities to each ^°" 1 ° C " Ascribes how the device 
-applications of the Devices Bultl . step , 

provides ele « r °; 1C ult C i ;" ex reactions. This section also 

In order for a device ^ 
nvaltiplex reactions, its ^ oper ation in aqueous 
30 must be able to maintal ement , eac h micro- 
solutions. To satisfy £unct ioning DC mode 
nation must have an £oI the design and 
ndcro-electrode. Other ^ ^ ^ Umited to , 
fabrication of a device i ■ 1£ic binding 
35 materials compatibilities, nature 
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entities and the subsequent reactants and analytes, and 
the number of micro-locations. 

By "a functioning DC mode micro-electrode" is meant 
a micro- electrode biased either positively or negatively, 
5 operating in a direct current mode (either continuous or 
pulse) , which can affect or cause the free field ' 
electrophoretic transport of charged specific binding 
entities, reactants, or analytes to or from any location 
on the device, or in the sample solution. 

!0 Within the scope of this invention, the free field 

electrophoretic transport of molecules is not dependent on 
the electric field produced being bounded or confined by 
dielectrical material. 

A device can be designed to have as few as two 

15 addressable micro-locations or as many as hundreds of 
thousands of micro-locations. In general, a complex 
device with a large number of micro-locations is fabri- 
cated using microlithography techniques. Fabrication is 
carried out on silicon or other suitable substrate 

20 materials, such as glass, silicon dioxide, plastic, or 
ceramic materials. These microelectronic "chip" designs 
would be considered large scale array or multiplex 
analysis devices. A device with a small number of micro- 
locations would be fabricated using micro-machining 

25 techniques . 

Addressable micro- locations can be of any shape, 
preferably round, square, or rectangular. The size of an 
addressable micro- location can be of any size, preferably 
range from sub-micron (-0.5 jnn) to several centimeters 

30 (cm) , with 5 /xm to 100 /xm being the most preferred size 
range for devices fabricated using microlithographic 
techniques, and 100 fim to 5 millimeters being the most 
preferred size range for devices fabricated using the 
micro-machining techniques. To make micro- locations 

35 smaller than the resolution of microlithographic methods 
would require techniques such as electron beam 
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epitaxy. While macroscopic lo tlons , larger 

^lytical and ^iagnoe ,= m>e PP ^ ^ ^ ^ 

addressable ^^J^ bl opolymer synthesis 
; desirable for preparative ^ ^ using 

Mt er ^machining techniques, 

.nicrolithographic ana/ ^ speciaUM d 

chemical techniques are u ^ the DC 

attachment and Pe-eatxon layers ^ co: (1) 

. 0 mode ^-^fr- "eld electrophoretic transport 
affect or cause the free from a„y location: 

ot specific the specific binding 

(2) concentrate and , ^ce of the specific 

entities to the speci 1 V - ^ actively 

15 micro .location ; and W ^ speol£ic bind ing 

thS DC "t ttc other reactants and analytes can he 
entires so that m . oro . looati ons . 

transported to or rro 

EE£ig ^«^a™^ of self-addressahle 
Figure 1 shows m i cr olithographic 
mlcro -locations * abrloated ions (10 ) (ML-1, ML-2. 

technics. The ^^^ me tal sites ,12, «hi=h 
ML-3) are formed on the su _ lay er/base material, 
have been deposited on an micro- 
25 The metal sites 1X2) » insu lator material 

electrode 2) £ro m each other, msulator 

separates the metal sites > ^ silloon 

mater r 3 iifs piasti °' ° r ceramic 

dioxide, glass, 
30 materials. features of an individual 

Figur e 2 snows ■ t^-^ a microlithog raphically 

mi cro-locatxon 110) form ^ ^o- location 

produced metal site • incorporates an 

la formed on the metal sit ^ , „ 
35 oxidation layer 120) . a P 
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attachment layer (24) , and a binding entity layer (26) . 
The metal oxide layer provides a base for the covalent 
coupling of the permeation layer . . The permeation layer 
provides spacing between the metal surface and the . attach- 
ment/binding entity layers and allows solvent molecules, 
small counter-ions, and gases to freely pass to and from " 
the metal surface. The thickness of < the permeation layer 
for microlithographically produced devices can range from 
approximately 1 nanometers (nm) to 10 -microns (/mi) , with 
2 nm to 1 fim being the most preferred. The attachment 
layer provides a base for the covalent binding of the 
binding entities. The thickness of the attachment layer 
for microlithographically produced devices can range from 
0.5 nm-to 1 fun, with 1 nm to 200. nm being the most 
15 preferred. In some cases, the permeation and attachment 
layers can be formed from the same material. The specific 
binding entities are covalently coupled to the attachment 
layer, and form the specific binding entity layer. The 
specific binding entity layer is usually a mono- layer of 
20 the specific binding molecules. However, in some cases 
the binding entity layer can have several or even many 
layers' of binding molecules 

' ' • . Certain- design and functional- aspects of the permea- 
tion and attachment layer are dictated by the physical 
25 (e.g., size and shape) and the chemical properties of the 
specific binding entity molecules. They are also dictated 
to some, extent by the physical and chemical properties of 
the • reactant and analyte molecules, which will be 
subsequently transported and bound to the micro- location. 
For example, oligonucleotide binding entities can be 
attached to one type of micro -location surface without 
causing a loss of the DC mode function, i.e., the 
underlying micro-electrode can still cause the rapid free 
field electrophoretic transport of other analyte molecules 
35 to or from the surface to which the oligonucleotide 
binding entities are attached. However, if large globular 
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• cities (e.g., antibodies) are attached 
protein binding entities a. effectively insulate 

I the same type of «-*^^ * ^ 1- °* «- 
th e surface ana cause * vacation of the 

DC T ^e P to be carried out so as to 

attachment layer wo blnd ing entities (e.g., 

either reduce the number °™ ^ between tne 

large globular proteins) or prow. 

binding entities ^J^loc^Um- U determined by 
the ease of fabrication, number o£ 

solution ~; si X: a"-' However, particular 
micro-locations desired on fecial arrangement 

pacings -^^n: ^not necessary for 

or geometry of the micro ol mlc ro- 

aevice ^« i ° n ' un f erlying micro -electrodes> can operate 
locations (i.e.. unaeriy a ^ necessary to 

over ^J^J^Z the micro-locations with 
enclose the device or elec „ onlc 

aieiectric t—*"^^ c ^ xieB a re not retired 
0 field patterns or dielect spe cif ic 

m °T ; r accomplishes this by attaching the 
trodes. The aevi subsequent analytes and 

spe cific *>*£J2ZS~JZZ. micro-location. 
25 «actants to the surface „ provides for the 

Fr ee field electrophoretic P P ^ 
rapid and direct transport of any charg 

any and all ^IcaUons increases beyond 

M the number ° £ "\ o£ the denying cir- 

30 several ^^J^Z^s. m this case the 
cuitry of the micro- locati ^ ana 

ml cro-location grouping patterns have ^.^yer 

• j<=f=nces increased proportionally, o 
spacing distances q che basio devic e. 

cir cuitry can bejabri wWch have been 

Hi addition ^ 4.-«-4«- a device will 

addressed with specific binding entities, 
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contain some un-addressed, or plain micro- locations which 
serve other functions. These micro- locations can be used 
to store reagents, to temporarily hold reactants or 
analytes, and as disposal units for. excess reactants, 
5 analytes, or other interfering components in samples. 
Other un-addressed micro-locations can be used in combina- 
tion with the addressed micro-locations to affect or 
influence the reactions that are occurring at these 
specific micro- locations. These micro-locations add to 
10 intra-device activity and control. It is also possible 
for the micro- locations to interact and transport 
molecules between two separate devices. This provides a 
mechanism for loading a working device with binding 
entities or reactants from a storage device, and for 
15 copying or replicating a device. 

Figure 3 shows a matrix type device containing 64 
addressable micro- locations (30) . A 64 micro-location 
device is a convenient design, which fits with standard 
microelectronic chip packaging components. Such a device 
20 is fabricated on a silicon chip substrate approximately 
1.5 cm x 1.5 cm, with a central area approximately 750 /im 
x 750 ftm containing the 64 micro-locations. Each micro- 
location (32) is approximately 50 /xm square with 50 /xm 
spacing between neighboring micro-locations. Connective 
25 circuitry for each individual underlying micro- electrode 
runs to an outside perimeter (10 mm x 10 mm) of metal 
contact pads (300 /im square) (34) . A raised inner peri- 
meter can be formed between the area with the micro- 
locations and the contact pads, producing a cavity which 
30 can hold approximately 2 to 10 microliters (/il) of a 
sample solution. The "chip" can be mounted in a standard 
quad package, and the chip contact pads (34) wired to the 
quad package pins. The packaged chip can then be plugged 
into a microprocessor controlled DC power supply and 
35 multimeter apparatus which can control and operate the 
device . 
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i • 1 1„ „ n-inh v Pa>vH nati ™ Steps 

ai£iel f !2 ^I^^rir photolithography 

an beTsed for the fabrication of the complex 
technics ^ h . ch hM . large number of -XI 
5 -chip' type fabri cation of devices does " 

.icro-locat.on _ Wh^ hy _ ^ selection o£ 

not require complex P n electronic device 

function actively ^ *i 
L0 special. considerations. ^ ^ ftgure 3 

Tne 64 -i--^"™ ' slmple ^ design and 

^ r rmtctl« h ^ tecJU- orally, the 
standard nacrolitnogr y _ centimeter 

15 Ware . Si ne7s T te ilil c"ip is «~ 

me ter m siUcon dioxi de (Sio,) insulatxon 

::r ..hi: ijzX * — — 1 — 

deposition <««* D > ' 0 5 meta i layer (e.g.. ' 

20 " ^ vacuum evaporation. Xn addition 

aluminum) is deposited y ± lnclu de gold, 

to aluminum, suitable metalsjo ^ ^ ^ 

silv er, ^Jtions. Special technics for 

Varl ° U iL P ^sion to the insulating substrate 

25 en ™ P , r °^ are used with different metals. 

"atenals (SiO, are ^ a positive pnot o- 

The chip is next ove ^ (Ught 

r esist (Shipley, Mlcr ° pOS1 ^ rn 13 ^ os ' ed ^d developed. 
£i eld, and the exposed 

30 The photosolubili- Resist ^ ^ 

aluminum is f*^"^,,. clrc uitry pattern on the 
removed, leaving «- ™ imeter ot me tal contact 

chip. ^"^^ and the center 

PadS - T ST^n^L- -rve as the underlying 

7 c array of mxcro-eiecti^ 

Tse for the addressable micro-locations. 
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Using PECVD, the chip is overcoated first with a 0.2 
to 0.4 micron layer of Si0 2/ and then with a 0.1 to 0.2 
micron layer of silicon nitride (Si 3 N 4 ) . The chip is then 
covered with positive photoresist, masked for the contact 
5 pads and micro -electrode locations, exposed, and 
developed. Photosolubilized resist is removed, and the 
Si0 2 and Si 3 N 4 layers are etched away to expose the aluminum 
contact pads and micro-electrodes. The surrounding island 
resist is then removed, the connective wiring between the 

10 contact pads and the micro-electrodes remains insulated by 
the Si0 2 and Si 3 N 4 layers. 

The Si0 2 and Si 3 N 4 layers provide important properties 
for the functioning of the device. First, the second Si0 2 
layer has better contact and improved sealing with the 

15 aluminum circuitry. It is also possible to use resist 
materials to insulate and seal. This prevents undermining 
of the circuitry due to electrolysis effects when the 
micro-electrodes are operating. The final surface layer 
coating of Si 3 N 4 is used because it has much less 

20 reactivity with the subsequent reagents used to modify the 
micro-electrode surfaces for the attachment of specific 
binding entities. 

Permeation and Attachment Layer Formation Steps 
At this point the micro- electrode locations on the 
25 device are ready to be modified with a specialized permea- 
tion and attachment layer. This represents the most 
important aspect of the invention, and is crucial for the 
- active functioning of the device. The objective is to 
create on the micro-electrode an intermediate permeation 
3 0 layer with selective diffusion properties and an attach- 
ment surface layer with optimal binding properties. The 
attachment layer should have from 10 5 to 10 7 functionalized 
locations per square micron (/xm 2 ) for the optimal attach- 
ment of specific binding entities. However, the 
35 attachment of specific binding entities must not overcoat 
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to 3 nm. The poly lysine incorporated into the gel pro- 
vides primary amine functional groups for the subsequent 
attachment of specific binding entities. This type of gel 
permeation layer allows the electrodes to ..^f unction 
5 actively in the, DC mode. When the electrode is activated, 
the gel permeation layer allows small counter- ions to pass 
through ; it, , . but ; the larger specific binding entity ;■; 
molecules are concentrated on the out err; surf ace isr'-- -Here 
they become ucovalently bonded to the outer layer of 
10 primary: amines, : which effectively becomes the attachment 

layer. - ; ~ ' ,f 

An 1 , alternative technique for the formation of the 
permeation and attachment layers: is to incorporate into 
the base of each micro- location, chamber a porous membrane 
15 material. The out er, surf ace of the membrane: is then 
! - far-r ^T^ A %rith chemical functional graupsr^to f ornr the sr 
attachments layer, i^pr gpr i a te^ tec fa i ique s aid- .mater ial s -J 
for carrying out; this a pp r o ach "are known fcp those skilled ; ^ 
«z in the ?art . 

20 v% The above description . for the design and fabrication.^ 
of: a. devices elsmldiiiotibe. considered:, as a limit, ta^xrtker 
vrrrrnHnirf or -*™rrnm gfc. Hip fmm n,: -deaExce^ Many; varpat±xms&. 
of the jieVice with, larger; or r smaller:- m»±K5rs. jo£^adiliJ^tte^ 
abi^m nrt^Tfteationg g^r^eagg dm rrrrp cl ifarr ^Fi"f rty taiLe anaiyf 

25 t real: ami pM.e^tkitX t±j^^sg^i^ ^^^t: vy-Yaz^a ^TnTm^ -af^the^.- 
de^rice -witfar larger* addressable? locations . are^e^^ 

tifcnsrar^al^cantefl^^ 

3W fegxpesE ^TTT^^ R 1 f i VTrt 
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^ ,- specific- binding entities to -J-. 
transport an* attachment of spe«f ^ sel£ _ assCT *les , * 
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A ^^faT hy ^taJin, the selected micro- 
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nation i-fc-f^ £a£ entity. Ml other 
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, repeated- -^^..^^ Figure * show***e 
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(particular group or line) of micro-electrqges so that|thefe 
same specific binding entity is transported,, concentrated,.:?,, 
and reacted with more than one specific micro- locations . 

(3) APPLICATIONS OF THE DEVICES 
5 Once a device has been self -addressed with specific 

binding entities, a variety of molecular biology type 
multi-step:; and multiplex reactions and analyses can be 
carried out on the device. The devides of this invention 
are able to electronically provide active or dynamic 
10 control over a number of important reaction parameters. 
This electronic control leads to significant improvements 
in reaction rates, specificities, and sensitivities. The 
improvements _ in these reaction parameters come £rop;.tbft ? : 
ability* ftf device Vr to:£ electronically control and :v : 

15 ; affect^: ^:U*i^^ 

t a - a::sjiecifiiz?iBic3Kfe 

bindings ezrtit iear; f (2K tiripxcjveinent igre dL Lluil xaL uii rfag .. to£r; 
- the , concentrated reactants or analytes reacting with the 
* specific binding entities at that specific micro-location; 
20 > ;and (3) . the rapid r and selective removal of un-reacted and ... 

tioxx. - n33xege* vaiit ageqg -are nrf T t ttf»rf' fit* a: n ovy r f 3 p i ;jLH,ffSHr| ^ 
called ^fl P**1rT nirt * *~ ~«»"r"i ttggncyv ujuLlijIl* . 
The^sei±-==add^ 
25 td: rapidly: carry foutr^arr v ariety ofrmiera^ ijtirm^ 

includes -bsfci^ : . ^ - it 

- - : nBCk.U.aiiil^>.BH fayjndLdiCTt t nrtfr , :tprpCTertTraM% andi^;: 
analysis^ ~ in; ? cuitv &L±a nsxL ^Zf nundLLB r ■ £. arafcf vgesrsr 
30; - improved „ matrix farmatn; * 

. - r mole* ? *. ? 1 aT ~ biology reaction : pmc edtTTffff i^e^. 

v amplification, pracednresi;,. , A- r 
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^ j -.4™- reaction procedures involving 
antibody/antigen .reacciw t> 

large or small antigens and haptens; 
Aaza ■ ■ ■ hvbridizat ion analysis, 

^■iarmostic assays, e.g., «y wiAUA 
" ^flxysis. f in-erprintin 3 . and i— 

conation procedures U.e. the 

D1 ° „■.„.. Tnbelincj of nucleic 

covalent and non-covalent labeling 

„ nr-oteins or antibodies wit 
acids, enzymes, proteins, 

reporter groups) ; 

biopolymer synthesis procedures . e. , . 
< - combinatorial synthesis of oligonucleotide, . 

peptides; 

water soluble synthetic polymer synthesis, 
- carbohydrates or linear polyacrylat^ar, 

^molecular and aB »»-tt--^ta«»^ *-- 

fabrication" ~ ' . 

, 0 this: invention because tier <*~»- J* - 

^ridizatron-.totec^ . ofrf[ . _ 

.ion* and n» *r-:- W~*> 

COnt T^eic "acid h^rUUatra.-,^*--^ 

Y ^I^Tand syntft-tic forte and d-av*, 

M tion between: all neural ^^^K 
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(particular group or line) of micro-electrodes so that the 
same specific binding entity is transported, concentrated, 
and reacted with more than one specific micro- locations . 

(3) APPLICATIONS OF THE DEVICES 
5 Once a device has been self -addressed with specific 

binding entities, a variety of molecular biology type 
multi-step and multiplex reactions and analyses can be 
carried out on the device. The devices of this invention 
are able to electronically provide active or dynamic 
10 control over a number of important reaction parameters. 
This electronic control leads to significant improvements 
in reaction rates, specificities, and sensitivities. The 
improvements in these reaction parameters come from the 
ability of the device to electronically control and 
15 affect: (1) the rapid transport of reactants or analytes 
to a specific micro- location containing attached specific 
binding entities; (2) improvement in reaction rates due to 
the concentrated reactants or analytes reacting with the 
specific binding entities at that specific micro-location; 
20 and^3 }; : the jrapid and selective removal of un-reacted and 
non- specif ically bound components from that micro-loca- 
tion.* .These advantages are utilized in a novel process 
called "electronic stringency control". 

The self -addressed devices of this invention are able 
25 to -rapidly carry out a variety of micro- formatted multi- 
step^ and/or- multiplex reactions and procedures; which 
iiY^l^de^-^ut. are not limited to: 

DNA and RNA hybridizations * procedures and 
analysis in conventional formats, and new 
30 4 improved matrix formats; 

molecular biology reaction procedures, e.g., 
restriction enzyme reactions and analysis, 
ligase reactions, kinasing reactions, and 
amplification procedures; 



WO 95/12808 



PCT/DS94/12270 



30 



10 



diagnostics; or0 cedures (i.e. the 

. ^Xaent Tabling o £ nucleic 

covalent and non-covale»t ^ 

acids, enzymes, proteins. 

reporter groups); res , e.g., 

" c^orial ° £ — l60tideS M 

carbohydrates or Unear : p ^ Y er size 

. macr OT0 le CTl arandnanostru=tu ^ 

particles and structures) yn 

fabrication. 

anSiBI^SI^H 58121241 ^^,,^ are used a3 examples of 
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carried out with the claimed device as well as large scale 
array or matrix formats. 

As an example, a device for DNA hybridization analy- 
sis is designed, fabricated, and used in the following 
manner. Arrays of micro-locations are first fabricated 
using microlithographic techniques. The number of 
addressable micro- locations on an array depends on the 
final use. The device is rapidly self -addressed in a 
serial manner with a group of specific oligonucleotides. 
In this case, the specific oligonucleotides are 3'- 
terminal aldehyde functionalized oligonucleotides (in the 
range of 6-mer to 100-mer) . The aldehyde functional group 
allows for covalent attachment to the specific micro- 
location attachment surface (see Figure 4) . This group of 
15 specific oligonucleotides can be readily synthesized on a 
conventional DNA synthesizer using conventional tech- 
niques. 

The synthesis of each specific oligonucleotide is 
initiated from a ribonucleotide controlled pore glass 

20 (CPG) support. Thus, the 3' -terminal position contains a 
ribonucleotide, which is then easily converted after 
synthesis and purification to a terminal dialdehyde 
derivative by periodate oxidation. The aldehyde 

containing oligonucleotides (40) will react readily with 

25 the primary amine functional groups on the surface of 
micro- locations by a Schiff's base reaction process* 

The electronic addressing of the device with specif ic 
oligonucleotides is shown in Figure 8. The addressing of" 
the first specific micro-location (ML-1) (81) with its 

30 specific sequence oligonucleotide (SSO-1) (82) is accom- 
plished by maintaining the specific microelectrode (ML-1) 
at a positive DC potential, while all other microelec- 
trodes are maintained at a negative potential (Fig. 8 (A) ) . 
The aldehyde functionalized specific sequence (SSO-l) in 

35 aqueous buffered solution is free field electrophoresed to 
the ML-1 address, where it concentrates (> 10 6 fold) and 



PCI7OS94/12270 



WO 95/12808 



32 



* to the surface of ML- 
. di ateXy beco.es, cov a len t ly ^ t O e nega „ 

5 to negate C > t . g repeated , SSO 

(83) . SSO 3 .^.locations are add 

10 port speci^ binding rea9ent suppXV 

' le ° tid l I" -Id a !«• ^load Lalytical 

^tles or -gents ^ "^w,! IlectronicaUV 
! ices Binding pities would be 
15 devices. devils- Such v lpe ttiM. » 

oligonucleotides a described in a DSR 

„*«n»tori»l synthesis i ..„ B3ed with specitic 

Ser the device is addresse ^.^ ^ n 

the micro-locations on the electro des. 
— nCe9 ' dent wording direct current U*> ^ 
2S a s independent w ^ attachment to th y . 

This is *° sslb1 ^ out in such a manner that th 

~ U eCrl does not become chem-UV . 
ing micro-. O^* «i m -=« ro68 " tre e field 

cally i" 3Ula ;.^ ct cu «ents necessary tar J* 
30 * e Str trett «ansport o £ other c^e d « ^ ^ 
electropboretx locat ion surface. 



35 reactions. 



WO 95/12808 



PCT/DS94/12270 



An example of an electronically controlled hybridiza- 
tion process is shown in Figure 9. In this case, each 
addressable micro- location has a specific capture sequence 
(90). A sample solution containing target DNA (92) is 
5 applied to the device. All the micro- locations are acti- 
vated and the sample DNA is concentrated at the micro-* 
locations (Fig. 9(B)). Target DNA molecules from the 
dilute solution become highly concentrated at the micro- 
locations,, allowing very rapid hybridization to the 

10 specific complementary DNA sequences on the surface. 
Reversal of the micro-electrode potential repels all un- 
hybridized DNA from the micro-locations, while the target 
DNA remains hybridized (Fig. 9(C)). In similar fashion, 
reporter probes are hybridized in subsequent steps to 

15 detect hybridized complexes. 

The electronic control of the hybridization process 
significantly improves the subsequent detection of the 
target DNA molecules by enhancing the overall hybridiza- 
tion efficiency and by removing non-specific DNA from the 

20 micro- location areas. It is expected that 10, 000 to 
100,000 copies of target sequences in un^amplif ied genomic 
DNA will be detectable. Hybridization reactions of this 
type can be carried out in a matter of minutes, with 
minimal outside manipulations. Extensive washing is not 

25 necessary. 

Another common format for DNA hybridization assays 
involves having target DNAs immobilized on a surface, and 
then hybridizing specific probes to these target DNAs. 
This format can involve either the same target DNAs at 

30 multiple locations, or different target DNAs at specific 
locations. Figure 10 shows an improved version of. this 
serial hybridization format. In this case micro-locations 
(101-107) are addressed with different capture DNAs. 
These are hybridized in a serial fashion with different 

35 sequence specific oligonucleotides (108,109). The micro- 
locations are sequentially biased positive to transport 
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probe. It provides a way to carry out a more direct 
detection of the hybridization process itself. A fluore- 
scent dye detection process is shown in Figure 12 and 
described in Examples 4 and 6. Direct detection of DNA 
5 hybrids can be achieved by using DNA binding dyes such as 
ethidium bromide. The dye binds to both double -stranded 
and single -stranded DNA but with a greater affinity for 
the former. In Figure 12(B) positively charged dye (122) 
is transported to negatively biased micro-locations. The 

10 dye binds to both hybridized (120) and unhybridized (121) 
DNA sequences (Fig. 12c) . By biasing the micro-locations 
positive and delivering a defined amount of power in a 
given amount of time, the dye molecules bound to 
unhybridized micro- locations is selectively removed. The 

15 amount of power applied does not adversely affect the DNA 
hybrids . 

The hybridized DNAs with associated dye molecules are 
then f luorescently detected using associated or integrated 
optical systems. 
20 The following reiterates the important advantages the 

devices of this invention provide for nucleic acid hybridi- 
zation reactions and analysis: 

(1) The rapid transport of dilute target DNA and/or 

probe DNA sequences to specific micro- 
25 location (s) where hybridization is to occur. 

This process takes place in no more than a few 
seconds . 

(2) Concentrating dilute target DNA and/or probe DNA 

sequences at specific micro-location (s) where 
3 0 hybridization is to occur. The concentrating 

effect can be well over a million fold (> 10 6 ) . 

(3) The rapid removal of non-specif ically bound 
target DNA sequences from specific micro- 
location (s) where hybridization has occurred. 

35 This process takes 10 to 20 seconds. 
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(4) Rapid removal of competing complementary target 
DNA sequences from specific micro- location (s) 
where hybridization has occurred. This process 
takes 10 to 20 seconds. 
5 (6) The ability to carry out a complete hybridization 

process in several minutes. 
(7) The ability to carry out a hybridization process 
with minimal outside manipulations or washing 
steps. 

.0 (8) The use of electronic stringency control (ESC) to 

remove partially hybridized DNA sequences. 
(9) The ability to carry out hybridization analysis 

of un-amplified genomic target DNA sequences in 

the 1000 to 100,000 copy range. 
L5 (!o) The use of ESC to improve the resolution of 

single base mis-match hybridizations (point 

mutations) . 

(11) The use of ESC to provide individual stringency 
control in matrix hybridizations. 
20 (12) Improving the detection of hybridization event 

by removing non-specific background components. 
(13) The development of new procedures which elimi- 
nate the need for using covalently labeled 
reporter probes or target DNA to detect the 
25 hybridization events. 

PF.PPODUCTION OF DEVICES 

In addition to separately addressing individual 
devices with specific binding entities, it is also pos- 
sible to produce a master device, which can copy specific 

30 binding entities to other devices. This represents 
another method for the production of devices. The process 
for the replication of devices is shown in Figure 13 . A 
master device containing micro-locations which have been 
addressed with specific binding sequences is hybridized 

35 with respective complementary DNA sequences (130) . These 
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complementary sequences are activated and thus capable of 
covalent binding to the micro-location attachment layer. 

An unaddressed sister device (132) containing an 
attachment layer is aligned with the hybridized master 
5 device (Fig. 13(B)). The master device micro-locations 
are biased negative and the sister device micro- locations 
are biased positive. The DNA hybrids are denatured and 
are transported to the sister device, where the activated 
DNA sequence binds covalently to the micro-location 

10 (Fig- 13(C)) . The process can be performed in parallel or 
in series, depending on the device geometry so that 
crosstalk between the micro-locations is minimized. The 
hybrids can be denatured by applying a sufficient negative 
potential or by using a positively charged chaotropic 

15 agent or denaturant. 

DETECTION SYSTEM 

In the case of fluorescent binding reactions, it is 
possible to use an epif luorescent type microscopic detec- 
tion system for the analysis of the binding reactions. 

20 The sensitivity of the system depends on the associated 
imaging detector element (CCD, I CCD , MicroChannel Plate) 
or photon counting PMT system. One alternative is to 
associate a sensitive CCD detector or avalanche photodiode 
(APD) detector directly with the device in a sandwich 

25 arrangement. Another alternative is to integrate opto- 
electronic or microelectronics detection in the device. 

COMBINATORIAL BIOPOLYMER SYNTHESIS 

The .devices of this invention are also capable of 
carrying out combinatorial synthesis of biopolymers such 
30 as oligonucleotides and peptides. Such a process allows 
self -directed synthesis to occur without the need for any 
outside direction or influence. This combinatorial syn- 
thesis allows very large numbers of sequences to be 
synthesized on a device. The basic concept for combina- 
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torial synthesis involves the use of the device to trans- 
port, concentrate, and react monomers, coupling reagents, 
or deblocking reagents at the addressable micro- locations . 
The concept capitalizes on the ability of the device to 
5 protect certain locations from the effects of nearby 
reagents. Also important to the concept is the identifi- 
cation of selective steps in these chemical synthesis 
processes where one or more of the reactants has either a 
net positive or negative charge, or to create such 
10 suitable reagents for these processes. 

One method for combinatorial oligonucleotide synthe- 
sis is shown in Figure 14. This method begins with a set 
of selectively addressable micro -locations (140) whose 
surfaces have been derivatized with blocked primary amine 
15 (X-NH-) groups (142) . The initial step in the process 
involves selective deblocking of electrodes using a 
charged deblocking reagent (144). In this case, the 
reagent would carry a positive ( + ) charge. The process is 
carried out by applying a negative potential to those 
20 electrodes being de-blocked, and a positive potential to 
those which are to remain protected (Fig. 14(B)). 
Application of positive and negative potentials to 
selective electrodes causes the charged reagents to be 
concentrated at those micro- locations being de-blocked, 
25 and excludes the reagents from the other electrode 
surfaces . 

In the second step, chemical coupling of the first 
base, in this case cytosine, to the deblocked micro- 
locations is carried out by simply exposing the system to 
30 the phosphoramidite reagent (x-C) (146). The (C) 
nucleotide couples to de-blocked micro-location surfaces, 
but not to any of the blocked electrode surfaces 
(Fig. 14(C) and (D) ) . At this point normal phosphoramide 
chemistry IS carried out until the next de-blocking step. 
35 At the second de-blocking step (Fig. 14(D)), those 

electrode positions which are to be coupled with the next 
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base are made negative, and those which are to remain 
protected are made positive. The system is now exposed to 
the next base to be coupled, in this case (x-A) (148), and 
selective coupling to the de-blocked micro-location is 
5 achieved (Fig. 14(E) and (F) ) . The coupling and de- 
blocking procedures are repeated, until all the different' 
DNA sequences have been synthesized on each of the 
addressable micro- location surfaces. 

The above example represents one possible approach 
10 for the synthesis of nucleic acids. Another approach 
involves a complete water soluble DNA synthesis. In this 
case, charged water soluble coupling agents, such as 1- 
ethyl-3- (3-dimethylaminopropyl) carbodiimide (EDCA) , is 
used to carry out oligonucleotide synthesis with water 
15 soluble nucleotide derivatives. This approach would have 
significant advantages over present organic solvent based 
methods which require extensive blocking of the base 
moieties . Water soluble synthesis would be less expensive 
and eliminate the use of many toxic substances used in the 
20 present organic solvent based processes. A third approach 
involves the use of charged monomers. 

In addition to DNA synthesis, a similar process can 
be developed for peptide synthesis, and other complex 
polymers . Examples contemplated in this disclosure 
25 represent the initial potential for this technique, and 
are based on organic solvent based synthetic procedures 
for DNA or peptide synthesis. 

The recipes for buffers, solutions, and media in the 
following examples are described in J. Sambrook, E. F. 
30 Fritsch, and T. Maniatis, Molecular Cloning: A Laboratory 
Manual , 2 Ed., Cold Spring Harbor Laboratory Press, Cold 
Spring Harbor, New York, 1989. 



Example 1: Oligomer Reagents 

Synthetic DNA probes were made using conventional 
3 5 phosphoramidite chemistry on Applied Biosystems automated 



WO 95/12808 



PCT/US94/12270 



40 



DNA synthesizers. Oligomers were designed to contain 
either a 5' amino or a 3' ribonucleoside terminus. The 5' 
functionality was incorporated by using the ABI Aminolink 
2 reagent and the 3' functionality was introduced by initi- 
ating synthesis from an RNA CPG support. The 3' 
ribonucleotide terminus can be converted to a terminal" 
dialdehyde by the periodate oxidation method which can 
react with primary amines to form a Schiff 's base. Reac- 
tion conditions were as follows: Dissolve 20-30 O.D. 
oligomer in water to a final concentration of 1 0D/ M 1- 
Add 1 vol of 0.1M sodium acetate, pH 5.2 and 1 vol 0.45M 
sodium periodate (made fresh in water) . Stir and incubate 
reaction for at least 2 hours at ambient temperature, in 
the dark. Load reaction mix onto a Sephadex G-10 column 
(pasteur pipette, 0.6 X 5.5 cm) equilibrated in 0.1M 
sodium phosphate, pH 7.4. Collect 200 (il fractions, spot 
2 nl aliquots on thin layer chromatography (TLC) and pool 
ultra violet (UV) absorbing fractions. 

The following oligomers contain 3' ribonucleoside 

20 termini (U) : 



15 





ET12R 


5' - 


GCT AGC CCC TGC TCA TGA GTC 


TCU 




CP-1 


5' - 


AAA AAA AAA AAA AAA AAA AAU 






AT-Al 


5' - 


CTA CGT GGA CCT GGA GAG GAA 


GGA 




AT-A2 


5' - 


GAG TTC AGC AAA TTT GGA GU 




25 


AT -A3 


5' - 


CGT AGA ACT CCT CAT CTC CU 






AT-A4 


5' - 


GTC TCC TTC CTC TCC AGU 






AT-A5 


5' - 


GAT GAG CAG TTC TAC GTG GU 






AT-A6 


5' - 


CTG GAG AAG AAG GAG ACD 






AT-A7 


5' - 


TTC CAC AGA CTT AGA TTT GAC 


U 


30 


AT-A8 


5'- 


TTC CGC AGA TTT AGA AGA TU 






AT-A9 


5' - 


TGT TTG CCT GTT CTC AGA CU 






AT-A10 


5' - 


CAT CGC TGT GAC AAA ACA TU 





35 



Uliywmcio ww*» -> 

reacted with f luorophores , such as Texas Red (TR, ex. 
5?0nm, em. 610nm) . Sulfonyl chlorides are very reactive 
towards primary amines forming a stable sulfonamide 
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linkage. Texas Red-DNA conjugates were made as follows: 
Texas Red sulfonyl chloride (Molecular Probes) was 
dissolved in dimethyl formamide (DMF) to a final 
concentration of 50 mg/ml (80 mM) . Oligomer was dissolved 
5 in 0.4M sodium bicarbonate, pH 9,0-9.1, to a final 
concentration of 1 O.D.//xl (5.4 mM for a 21-mer) . in a 
micro test tube, 10 /il oligomer and 20 /xl Texas Red was 
combined. Let reaction proceed in the dark for 1 hour. 
Quench reaction with ammonia or hydroxyl amine , lyophilize 
10 sample and purify by PAGE (Sambrook et al., 1989, supra) . 
The following oligomers contain 5' amino termini: 



15 



ET21A 


5' 




Aminolink2 


- TGC 


GAG 


CTG 


CAG 


TCA 


GAC 


AT 


ET10AL 


5' 




Atninolink2 


- GAG 


AGA 


CTC 


ATG 


AGC 


AGG 




ET11AL 


5' 




Amino link2 


- CCT 


GCT 


CAT 


GAG 


TCT 


CTC 




T2 


5' 




Aminolink2 


- TTT 


TTT 


TTT 


TTT 


TTT 


TTT 


TT 


RC-A1 


5' 




Aminolink2 


- CAG 


GCA 


GTC 


TCC 


TTC 


CTC 


TCC AGG 


TCC ACG 


TAG 




















RC-A2 


5' 




Aminolink2 


- CTC 


CAA 


ATT 


TGC 


TGA 


ACT 


C 


RC-A3 


5' 




Aminolink2 


- GGA 


GAT 


GAG 


GAG 


TTC 


TAC 


G 


RC-A4 


5' 




Aminolink2 


- CTG 


GAG 


AGG 


AAG 


GAG 


AC 




RC-A5 


5' 




Aminolink2 


- CCA 


CGT 


AGA 


ACT 


GCT 


CAT 


C 


RC-A6 


5' 




Amino link2 


- .GTC 


TCC 


TTC 


TTC 


TCC 


AG 




RC-A7 


5' 




Aminolink2 


- GTC 


AAA 


TCT 


AAG 


TCT 


GTG 


GAA 


RC-A8 


5' 




Aminolink2 


- ATC 


TTC 


TAA 


ATC 


TGC 


GGA 


A 


RC-A9 


5 




Aminolink2 


- GTC 


•TGA 


GAA 


CAG 


GCA 


AAC 


A 


RC-A10 


5 




Aminolink2 


- ATG 


TTT 


TGT 


CAC 


AGC 


GAT 


G 



Example 2: Electronically Addressable Micro- locations 

on a Microfabricated Device - Polvlvsine 
Method 

30 Microelectrodes were fabricated from microcapillary 

tubes (0.2 mm x 5 mm). The microcapillaries were filled 
with 18-26% polyacryl amide containing 0.1 - 1.0% poly- 
lysine and allowed to polymerize. The excess capillary 
was scored and removed to prevent air bubbles from being 

35 trapped within the tubes and to standardize the tube 
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length. Capillaries were mounted in a manner such that 
they shared a common upper buffer reservoir and had 
individual lower buffer reservoirs. Each lower buffer 
reservoir contained a platinum wire electrode. 
5 The top surface of the microcapillary in the upper 

reservoir was considered to be the addressable micro- 
location. Upper and lower reservoirs were filled with 
0.1 M sodium phosphate, pH 7.4 and prerun for 10' at 0.05 
mA constant using a BioRad 500/1000 power supply. Pipette 
10 2 fil '(0.1 6.D.) periodate oxidized ET12R into the upper 
reservoir while the power is on and electrophorese for 2-5 
minutes at constant current . Reverse polarity so that the 
test capillary is now biased negative and electrophorese 
an additional 2-5 minutes. Unbound DNA is repulsed while 
15 the covalently attached DNA remains. 

Aspirate upper reservoir buffer and rinse with 
buffer. Disassemble apparatus and mount a fresh reference 
capillary. Refill reservoir and add f luorescently labeled 
complement DNA, i.e., ET10AL-TR. Electrophoretically 
20 concentrate the oligomer at the positively biased test 
micro-location for 2-5 minutes at 0.05 mA constant. 
Reverse the polarity and remove unbound complement. Remove 
test capillary and examine by fluorescence. Negative 
control for nonspecific binding was performed as described 
25 above substituting a noncomplementary DNA sequence ET21A- 

TR for ET10AL-TR. 

A cross-section of the capillary micro -locations were 
examined under a Jena epif luorescent microscope fitted 
with a Hamamatsu ICCD camera imaging system. Fluorescent 
30 results indicate that complement ET10AL-TR hybridized to 
the binding entity/capture sequence and remained 
hybridized even when the potential was changed to 
negative. ET21A-TR noncomplement was not retained at the 
test capillary when the potential was reversed. 
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Example 3: ftfitroninal lv Addr essable Mi cro- locations 

rm a Mi rrofabri rated De vice - Succinimidyl 
trr ylafe Method 

This example describes an alternative attachment 
5 chemistry which covalently binds the 5' terminus of the 
oligomer. Capillaries were fabricated as described above 
except that 1% succinimidyl acrylate (Molecular Probes) 
was substitute for the polylysine. The capillaries were 
made fresh because the succinimidyl ester reacts with 
10 primary amines and is labile, especially above pH 8.0. 
The capillaries were mounted as described above and the 
reservoirs were filled with 0.1 M sodium phosphate, pH 
7.4. Prerun the capillaries for 10 minutes at 0.05 mA. 
Pipette 2 nl ET10AL (0.1 O.D.), which contains a 5' amino 
15 terminus, into the upper reservoir while the power is on 
and electrophorese for 2-5 minutes. Reverse polarity so 
that the test capillary is now biased negative and elec- 
trophorese an additional 2-5 minutes. Unbound DNA is 
repulsed while the covalently attached DNA remains. 
20 Aspirate upper reservoir buffer and rinse with 

buffer. Unmount the reference capillary and mount a fresh 
reference capillary. Refill reservoir and add fluorescent 
labeled complement oligomer, ET11AL-TR and electrophorese 
as described above. Negative control for nonspecific 
25 binding was performed as described above substituting a 
noncomplement DNA sequence ET21A-TR for ET11AL-TR. 

Fluorescent results indicate that complement ET11AL- 
TR hybridized to the capture sequence and remained 
hybridized even when the potential was changed to 
30 negative. ET21A-TR noncomplement was not retained at the 
working capillary when the potential was reversed. 

Example 4: Bl actronic «n y Cont -rnlled Fluorescent Dye 

Detection Process-PAGE 
DNA dyes such as ethidium bromide (EB) become f luore- 
35 scent when intercalated into DNA. The fluorescence and 
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binding affinity is greater when the DNA is double 
stranded than single stranded. Prepare capillaries as in 
Example 1 and hybridize as described above. EB was added 
to the solution (- 0.05 mM EB final concentration) and the 
5 test capillary was biased negative because EB is posi- 
tively charged. The capillaries were observed by epifluor- 
escence at 550 nm excitation and 600+ nm emission. Both 
the hybridized and unhybridized micro-locations showed red 
fluorescence (from EB) . 
10 The capillaries were re -mounted biased positive to 

repulse EB. Maintain constant current at 0.05 mA for 0.03 
Volt -Hours. 

Capture Target Normalized Signal 

ET10AL ET11AL (Pos.) >200 

15 ET10AL ET21A (Neg.) 1 

Fluorescence at the unhybridized micro- locations 
diminished while the hybridized capillary retained fluore- 
scence. Fluorescent signal was measured using an ICCD 
camera imaging system and represent peak fluorescent 
20 intensities. The signal to noise ratio would be »1000 
fold if the entire fluorescent signal area was integrated. 
This demonstrates a method for increasing signal to noise 
ratios and thus the dynamic range of the assay. 

Example 5: Electronically A ddressable Locations — on 

25 Mp.f.al Substrates 

Aluminum (Al) and gold (Au) wire (0.25 mm, Aldrich) 
was reacted with 10% 3-aminopropyltriethoxysilane (APS) in 
toluene. The APS reagent reacts readily with the oxide 
and/or hydroxyl groups on the metal surface to form cova- 
30 lent bonds between the oxide and/or hydroxyl groups and 
the primary amine groups. No pretreatment of the aluminum 
was necessary. The gold wire was subjected to electrolysis 
in 5 x SSC solution to form an oxide layer. Alternatively 
the metal wire can be oxidized by a perchloric acid bath. 
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The APS reaction was performed as follows: Wires 
were cut to 3 inches and placed in a glass dish. Toluene 
was added to completely cover the wires and the tempera- 
ture was brought to 50-60 °C on a heat plate. APS was 
5 added to a final concentration of 10%. Mix solution and 
continue the reaction for 30 minutes. Rinse 3 times with 
copious volumes of toluene, then rinse 3 times with 
copious volumes of alcohol and dry in 50°C oven. The APS 
treated wire can then be reacted with an aldehyde to form 

10 a Schiff's base. Binding entity ET12R was periodate 
oxidized as described elsewhere. The electrodes were 
placed in a reservoir of degassed water. Power was applied 
at .05 mA constant for about 3 0 seconds. Activated ET12R 
was immediately added. Power was applied, the liquid was 

15 aspirated and fresh water was added and then aspirated 
again. The test (biased positive) and reference elec- 
trodes were placed in Hybridization Buffer (HB, 5XSSC, 
0.1% SDS) containing fluorescent labeled complement DNA, 
ET10-TR. After 2 minutes the electrodes were washed three 

20 times for one minute each in Wash Buffer (1 x SSC, 0.1% 
SDS) and observed by fluorescence (ex. 590 nm, em. 
610 nm) . 

Results demonstrate that ET12R was specifically 
coupled to the treated metal surfaces. The test electrode 

25 was fluorescent while the reference electrode was not. 
Nonspecific adsorption of the DNA to the metal was 
prevented by the presence of SDS in the Hybridization 
Buffer. Attachment to gold substrates by electrolysis and 
subsequent APS treatment was effective. Signal obtained 

30 was significantly stronger than observed with non-oxidized 
gold. More importantly, this example showed that the 
metal surfaces could be chemically functionalized and 
derivatized with a binding entity and not become insulated 
from the solution. The APS method represents one of many 

35 available chemistries to form DNA-metal conjugates. 
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Example 6: BlMtrpnlffl Hv Controlled Fluorescent Dye 

Detection Process - Met al Wire 
DNA- aluminum electrode substrates were prepared and 
hybridized as described in Example 5. A hybridized and an 
5 unhybridized DNA-Al electrode were processed with an 
underivatized Al wire as the reference. EB was added to 
the solution and the test DNA electrodes were biased 
negative to attract the dye. The solution was aspirated 
and fresh buffer was added. The metal surfaces were 
10 examined under the microscope. 

Remount the device and apply a positive potential for 
a defined volt-hour. The buffer was aspirated, the elec- 
trodes were observed by epif luorescence . This was 
repeated until there was a significant difference in 
15 fluorescence between the hybridized and unhybridized metal 
surfaces . 

Capture Target Normalized Signal 

ET12R ET10AL (Pos.) >140 

ET12R None (Neg.) 1 
20 Fluorescence at the unhybridized metal surfaces 

diminished while the hybridized metal surfaces retained 
fluorescence. Fluorescent signal was measured using an 
ICCD camera imaging system and represent peak fluorescent 
intensities. The signal to noise ratio would be »1000 
25 fold if the entire fluorescent signal area was integrated. 
This example demonstrates a method for increasing signal 
to noise ratios and thus the dynamic range of the assay. 
Similar results were obtained using capillary gel configu- 
ration, suggesting that electrochemical effects do not 
30 significantly affect the performance of the assay. 

Example 7: active Programma ble Electronic Matrix 

(APEX) - Micro-machine Fabrication 
A radial array of 6 addressable 250 fim capillary 
locations was micro-machined. The device has a common 
35 upper reservoir and separate lower reservoirs such that 
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the potential at each micro-location is individually 
addressable. A unique oligomer binding entity is localized 
and coupled to a specific capillary micro-location by the 
methods described elsewhere. The test micro- location has 
5 a positive potential while the other micro- locations have 
negative potentials to prevent nonspecific interactions. 

The array is washed and then hybridized with a 
complementary fluorescently labeled DNA probe. The array 
is washed to remove excess probe and then observed under 

10 an epifluorescent microscope. Only the specifically 
addressed micro-location will be fluorescent. The process 
will be repeated with another binding entity at another 
location and verified by hybridization with a probe 
labeled with another fluorescent moiety. 

15 DNA sequences are specifically located to predeter- 

mined positions with negligible crosstalk with the other 
locations. This enables the fabrication of micromatrices 
with several to hundreds of unique sequences at predeter- 
mined locales. 

20 Example 8: Active. Programmable Elect ronic Matrix 

(APEX) - Microlithoaraphic Fabrication 
An 8 X 8 matrix of 50 fim square aluminum electrode 
pads on a silicon wafer (see Figure 3) was designed, 
fabricated and packaged with a switch box (see Device 
25 Fabrication Section for details) . Several materials and 
process improvements, as described below, were made to 
increase the selectivity and effectiveness of the chip. 

8a) Selection of Topcoat 

The APS process involves the entire chip. Selecti- 
30 vity of the functionalization process was dependent on the 
reactivity of the chip surfaces. In order to reduce func- 
tionalization and subsequent DNA attachment of the areas 
surrounding the micro- locations, a material that is less 
reactive to APS than Si0 2 or metal oxide is needed. Photo- 
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resists and silicon nitride were tried. The different 
topcoats were applied to silicon dioxide chips. The chips 
were examined by epif luorescence and the then treated with 
APS followed by covalent attachment of periodate oxidized 
5 polyA RNA sequences (Sigma, MW 100,000). The chips were 
hybridized with 200 nM solution of Texas Red labeled 20- * 
mer (T2-TR) in Hybridization Buffer, for 5 minutes at 37°C. 
The chips were washed 3 times in WB and once in 1 x SSC. 
The chips were examined by fluorescence at 590 nm excita- 

10 tion and 610 nm emission. 

Silicon nitride was chosen because it had much less 
reactivity to APS relative to silicon dioxide and was not 
inherently fluorescent like the photoresist tested. Other 
methods such as UV burnout of the background areas are 

15 also possible. 

8b) APEX Physical Ch aracterization 

A finished matrix chip was visually examined using a 
Probe Test Station (Micromanipulator Model 6000) fitted 
with a B & L microscope and a CCD camera. The chip was 
20 tested for continuity between the test pads and the outer 
contact pads. This was done by contacting the pads with 
the manipulator probe tips which were connected to a 
multimeter. Continuity ensures that the pads have been 
etched down to the metal surface. The pads were then 
25 checked for stability in electrolytic environments. The 
metal wires were rated to handle up to 1 mA under normal 
dry conditions. However, reaction to a wet environment 
was unknown. A drop (1-5 j*l) of buffered solution (1 x 
SSC) was pipetted onto the 8X8 matrix. Surface tension 
30 keeps the liquid in place leaving the outer contact pad 
area dry. A probe tip was contacted to a contact pad and 
another probe tip was contacted with the liquid. The 
current was incremented up to 50 nA at max voltage of 50 
V using a HP 6625A power supply and HP3458A digital 
35 multimeter. 
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The initial fabrication consisted of the silicon 
substrate, a silica dioxide insulating layer, aluminum 
deposition and patterning, and a silicon nitride topcoat. 
These chips were not very stable in wet environments 
5 because the metal/nitride interface was physical in nature 
and electrolysis would undermine the nitride layer. This 
would result in the pads being electrically shorted. 
Furthermore, silicon nitride and Al have different expan- 
sion coefficients such that the nitride layer would crack 

10 when current was applied. This would allow solution to 
contact the metal directly, again resulting in electrol- 
ysis which would further undermine the layer. 

The second fabrication process included a silicon 
dioxide insulating layer between the aluminum metal and 

15 silicon nitride layers. Silicon dioxide and Al have more 
compatible physical properties and form a better chemical 
interface to provide a more stabile and robust chip. 

8c) DNA Attachment 

A matrix chip was functionalized with APS reagent as 
20 described in Example 5. The chip was then treated with 
periodate oxidized polyA RNA (Sigma, average MW 100,000) . 
The chip was washed in WB to remove excess and unbound 
RNA. This process coated the entire chip with the capture 
sequence with a higher density at the exposed metal 
25 surfaces than at the nitride covered areas. The chip was 
hybridized with a 200 nM solution of T2-TR in HB for 5 
minutes at 37°C. Then washed 3 times in WB and once in 
1XSSC for one minute each at ambient temperature . The 
chip was examined by fluorescence at 590 nm excitation and 

30 610 nm emission. 

The opened metal areas were brightly fluorescent and 
had the shape of the pads. Low fluorescent intensities 
and/or irregular borders would suggest that the pads were 
not completely opened. Additional plasma etch times would 

35 be recommended. 
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8d) P/lp.ctronj rally Controlled Hybridization 
Active hybridization was performed by using a chip 
from Example 8c and biasing one micro- location positive. 
This was done by using the switch box which would also 
5 automatically bias the remaining micro- locations negative 
or by using an external solution electrode. Three micro- 
liters of water was deposited on the matrix pads only. A 
current, -1-5 nA, was applied for several seconds and 0.1 
pmole of T2-TR was added to the solution. The liquid was 
10 removed and the chip was dried and examined by 
fluorescence at Texas Red wavelengths (ex.590 nm, em. 610 
nm) . 

Only the positively biased micro-location was 
fluorescent. This can be repeated many times to hybridize 
15 other micro -locations selectively. Additionally, the 
fluorescence DNA at one micro- location can be translocated 
to another micro- location by biasing the initial location 
negative and the destination positive. 

8e) El ectronicallv Controlled Addres sing and Device. 
20 Fabrication 

The matrix was functionalized with APS as described 
above. Binding entity CP-1 was activated by periodate 
oxidation method. Four micro-locations were biased posi- 
tive in the matrix and the remainder were biased negative. 
25 Two microliters of water was deposited on the matrix and 
a current was applied. Binding entity, CP-1, was added 
and allowed to concentrate at the designated locations. 
The liquid was removed, the chip was rinsed briefly with 
water and two microliters of water was deposited on the 
30 chip. Again, current was applied for several seconds, and 
0.1 pmole of T2-TR was added. The liquid was removed 
after a short time and the entire chip was washed in WB, 
3 times. The chip was dried and examined for 
fluorescence . 
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Results indicate that the positively biased micro- 
locations were fluorescent. This example demonstrates the 
selective addressing of micro-locations with a specific 
binding entity, the localization and covalent coupling of 
5 sequences to the micro-locations, and the specific hybridi- 
zation of complementary target sequences to the deriva- " 
tized micro- locations. 

8f ) Genetic Typing APEX Chip 

DNA binding entities with 3' ribonucleoside termini 
10 are synthesized which are specific for the polymorphisms 
of HLA gene dQa. The binding entities are activated by 
periodate oxidation as described above. The reverse 
complements are also synthesized with 5' amino termini and 
are conjugated with f luorophores, such as Texas Red, 
15 Rhodamine or Bodipy dyes, as described elsewhere. The 
micro- locations are functionalized with primary amines by 
treatment with APS, as described elsewhere. A couple 
microliters of solution are placed over the matrix but 
leaving the contact pads dry. A specific micro-location 
20 is addressed by biasing that micro- location positive, the 
periodate oxidized DNA oligomer is added, -0.1 pmole, and 
is translocated and covalently coupled to that location. 
The polarity is reversed and the unbound binding entity 
molecules are removed. This is repeated for another 
25 binding entity at another addressed micro-location until 
all the unique binding entities are bound to the chip. 
The chip is then hybridized to individual f luorescently 
labeled complement sequences to determine the specificity 
of the coupling reaction as well as en masse to visualize 
30 all addressed micro- locations at once. On the same chip 
which is denatured to remove complementary oligomers (10 
minutes at 90°C in 0.05% SDS) , the addressed micro- 
locations are hybridized with unlabeled reverse comple- 
ments or genomic DNA. Detection is via the fluorescent 
35 dye detection assay as described elsewhere. 
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Results will demonstrate that micro- locations are 
specifically addressed with unique binding entities. 
Nonspecific binding to negatively biased micro-locations 
will be negligible. The device and associated binding 
entity chemistry is stable under denaturation conditions, 
thus making the addressed and fabricated device reusable. " 
Alternative methods for denaturing the hybrids would be to 
increase the current and/or increase the time it is 
applied. 

Example 9 : P.1 grtronir fii-rinaencv Control 

The ability of the device to affect electronic 
stringency control is demonstrated with the Ras oncogene 
model system. A single base pair mismatch adversely 
affects the melting temperature (Tm) , a measure of the 
stability of the duplex. Traditional methods to discrimi- 
nate between mismatch and perfect match (i.e., stringency 
control) rely on temperature and salt conditions. Strin- 
gency can also be affected by the electrophoretic poten- 
tial. Oligomers listed below can be paired such that 
resulting hybrids have 0-2 mismatches. Oligomer binding 
entities are coupled to the micro -locat ion and hybridized 
as described elsewhere. The polarity at the micro- 
location is then reversed and the hybrids are subjected to 
constant current for a given time, or defined power levels 
to denature the mismatch without affecting the perfect 
match. 

Ras-G 5'- GGT GGT GGG CGC CGG CGG TGT GGG CAA GAU -3' 

3 , . cc G£ G GCC GCC ACA C - Aminolink2 -5' 
Ras 2 3' - CC GCG GCA GCC ACA C - Aminolink2 -5' 

30 Ras-3 3'- CC GTG GCA GCC ACA C - Aminolink2 -5' 

Ras-T 5 ' - GGT GGT GGG CGC CGT CGG TGT GGG CAA GAU -3' 

Microelectrodes are fabricated from microcapillary 
tubes as described elsewhere. Binding entities Ras-G is 
periodate oxidized and covalently bound to the addressed 
35 micro-location. Ras-G micro- locat ion is then hybridized 
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with Ras-l-TR which is the perfect match, Ras-2-TR which 
is a one base pair mismatch (G-A) or Ras-3-TR which is a 
two base pair mismatch (G-A and G-T) . The micro-locations 
are examined f luorescently to verify whether complementary 
5 sequences are hybridized and to what extent. The micro- 
capillaries are re-mounted and subjected to controlled 
time at constant current until the mismatched hybrids are 
removed without significantly affecting the perfectly 
matched hybrids. 

10 Results will indicate that stringency could be 

affected by the electrophoretic potential. This example 
demonstrates that each micro-location can have individual 
stringency control, thus overcomes a major obstacle to 
large scale parallel processing techniques which had been 

15 limited to a single common stringency level. 
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What is claimed is: 

1. A self -addressable electronic device comprising: 

a substrate, 

a first selectively addressable electrode, the 
5 electrode being supported by the substrate, 

a permeation layer, the permeation layer being 
disposed adjacent the first selectively addressable 
electrode, 

a current source operatively connected to the 
10 first selectively addressable electrode, and 

an attachment layer adjacent the permeation 
layer. 

2. The electronic device of claim 1, further including 
a second selectively addressable electrode, the 

15 second electrode being supported by the substrate. 

3. The electronic device of claim 1 or 2, further 
including an attachment layer, the attachment layer 
being disposed upon the permeation layer. 

4. The electronic device of claim 1, wherein the 
20 substrate includes a base and an overlying 

insulator. 

5. The electronic device of claim 1, wherein the 
substrate is chosen from the following group: 
silicon, glass, silicon dioxide, plastic, or ceramic 

25 materials. 

6. The electronic device of claim 4, wherein the base 
is chosen from the following group: silicon, glass, 
silicon dioxide, plastic, or ceramic materials. 



7. 

30 



The electronic device of claim 4, wherein the base 
material is silicon. 
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8. The electronic device of claim 4, wherein the 
insulator is silicon dioxide. 

9. The electronic device of claim 1, wherein the 
substrate comprises a circuit pattern or board. 

5 10. The electronic device of claim 2, wherein the first 
selectively addressable electrode and the second 
selectively addressable electrode are separated by 
an insulator supported by the substrate. 

11. The electronic device of claim 10, wherein the 
10 insulator is chosen from the following group: 

silicon dioxide, plastic, glass, resist, rubber, or 
ceramic materials . 

12. The electronic device of claim 10, wherein silicon 
nitride is disposed upon the insulator. 

15 13. The electronic device of claim 1, wherein the 
current source is a direct current source. 

14. The electronic device of claim 1, wherein the 
permeation layer is aminopropyltriethoxy silane. 

15. The electronic device of claim 1, wherein the 
20 permeation layer and the selectively addressable 

electrode are separated by a buffer reservoir. 

16. The electronic device of claim 1, wherein the 
electrode is chosen from the following group: 
aluminum, gold, silver, tin, copper, platinum, 

25 palladium, carbon, semiconductor materials, and 

combinations thereof. 

17. A self -addressable electronic device comprising: 
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a substrate, 

a plurality of selectively addressable 
electrodes, the electrodes being disposed upon the 

substrate, 

a current source, 

electrical connections to the electrodes, the • 
electrical connections providing a selective current 
path from the current source, and 

a permeation layer adjacent each electrode, 
forming addressable binding locations. 

The electronic device of claim 17, further 
comprising a switch controller for selectively 
connecting said current source to said addressable 
electrodes . 

15 19 The electronic device of claim 17, further comprising 
an attachment layer disposed on said permeation layer, 
forming addressable binding locations . 

The electronic device of claim 17, wherein the 
electrode material is chosen from the group: 
aluminum, gold, silver, tin, copper, platinum, 
palladium, carbon, semiconductor material, and 
combinations thereof. 

The electronic device of claim 17, further including 
an electronic insulative material disposed between 
said plurality of selectively addressable 
electrodes . 

The electronic device of claim 17, wherein the 
plurality of addressable binding locations are 
arranged in an array. 
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The electronic device of claims 17, further 
including a cavity for holding a solution including 
binding entities, reagents, and analytes. 

The electronic device of claim 17, wherein specific 
binding entities have been selectively transported 
and bound to said addressable binding locations, 
forming an addressed active location device. 

The electronic device of claim 17, wherein the width 
of the binding locations on the device is between 
0.5 microns and 200 microns. 

The electronic device of claim 17, wherein the width 
of the binding locations on the device is between 5 
microns and 100 microns. 

A self -addressable electronic device comprising; 
a substrate, 

a plurality of selectively addressable 
electrodes, the electrodes being disposed upon the 
substrate, 

a current source, 

electrical connections to the electrodes, the 
electrical connections providing a selective current 
path from the current source, 

individual buffer reservoirs associated with 
said electrodes, 

individual permeation layers disposed adjacent 
said individual buffer reservoirs, forming 
addressable binding locations. 

The electronic device of claim 27, further 
comprising a common reservoir for containing 
solutions including binding entities, reagents, and 
analytes . 
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29. The electronic device of claim 27, further 

comprising an attachment layer disposed on said 

permeation layer, forming addressable binding 
locations . 



30. 



31. 
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32. 
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The electronic device of claim 27, wherein said 
addressable binding locations are arranged in an 
array. 

The electronic device of claim 27, wherein the 
permeation layer is selected from the group 
comprising: functional! zed hydrophilic gels, 
membranes, and porous materials. 



The electronic device of claim 27, wherein specific 
binding entities have been selectively transported 
and bound to said addressable binding locations, 
15 forming an addressed active location device. 

' 33. The electronic device of claim 27, wherein the width 
of the locations on the device is between 50 microns 
and 2 centimeters. 



The electronic device of claim 27, wherein the width 
of the locations on the device is between 100 
microns and 5 millimeters. 



35. A method for electronically controlling 
hybridization of DNA from a solution containing 
specific binding and non-specific binding DNA 
25 sequences to a binding location, comprising the 

steps of: 

placing the solution in contact with a first 
binding location including a first underlying 
electrode, and a second binding location including 
30 a second underlying electrode; 
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placing said first binding location at a 
positive potential, relative to said second binding 
location, concentrating DNA on said first location 
surface; and 

5 placing said first binding location at a 

negative potential, relative to said second binding 
location, wherein said negative potential or current 
is sufficient to remove the non-specif ically bound 
DNA sequences from said first binding location, but 
10 ' not sufficient to remove the specifically bound DNA 
sequences. 

36. A method for electronically controlling 
hybridization of DNA from a solution containing 
specific binding and non-specific binding DNA 
15 sequences to first and second binding locations, 

comprising the steps of: 

placing the solution in contact with the. first, 
second, and a third locations; 

placing said first and second binding locations 
20 at a positive potential and said third location at 

a negative potential, concentrating DNA on said 
first and second locations; 

placing said first and second specific binding 
locations at a negative potential and said third 
25 location at a positive potential; and 

placing said first and second binding locations 
at negative potentials , relative to said third 
location, wherein said negative potential or current 
is sufficient to remove the non-specif ically bound 
3 0 DNA from said first and second locations, but not 

sufficient to remove the specifically bound DNA 
sequences. 

37. a method for electronically controlling 
hybridization of DNA from a solution containing 
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specific and non-specific DNA sequences to a first 
binding location and then to a second specific 
binding location, comprising the steps of: 

placing the solution in contact with said 
5 first, second, and a third location; 

placing said first binding location at a * 
positive potential and said second binding location 
at a negative potential, concentrating DNA on said 
first location; 

10 placing said first binding location at a 

negative potential and said second binding location 
at a positive potential, concentrating DNA on said 
second location; and 

placing said first and second binding locations 

15 at negative potentials, relative to said third 

binding location, wherein said negative potential or 
current is sufficient to remove the non- specif ically 
bound DNA from said first and second locations but 
not sufficient to remove the specifically bound DNA. 

20 38. The method of hybridization of claim 37 wherein said 
negative potential or current is increased or 
decreased incrementally. 

39. The method of claim 36 or 37 wherein multiple 
specific and non-specific DNA sequences are applied 

25 to an array of binding locations. 

40. A method for actively transporting DNA from a 
solution to a plurality of locations, comprising the 
steps of : 

placing a solution containing DNA in contact 
3 0 with a first, second, third, and n-number of 

locations; 
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providing a positive potential on said first 
location relative to other locations, transporting 
DNA to said first location; 

providing a positive potential on said second 
location relatively to said first location, 
transporting DNA to said second location ; 

providing a positive potential to said third 
location relative to the second location, 
transporting DNA to said third location; and 

repeating the process through n- number, of 
locations. 



41. An electronic controlled method for combinatorial 
synthesis of a biopolymer, comprising the steps of: 
forming a plurality of reaction locations on a 
!5 substrate, each reaction location being individually 

electronically addressable; 

forming an attachment layer upon each reaction 
location; 

placing said reaction locations in contact with 
20 a solution containing a charged monomer-A; 

selectively biasing those locations at which 
reaction A is to occur at an opposite charge to 
monomer-A, and biasing those locations at which no 
reaction A is to occur the same charge as monomer-A; 
25 concentrating and reacting monomer A on the 

specific A locations; 

removing solution containing unreacted 
monomer A; 

placing said reaction locations in contact with 
30 a solution containing a charged monomer B; 

selectively biasing those locations for which 
reaction B is to occur at the opposite charge of 
monomer-B, and biasing those locations at which no 
reaction B is to occur the same charge as monomer-B; 
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concentrating and reacting monomer B on the 
specific B locations; and 

repeating the process with monomer-A, monomer- 
B, to monomer-N, for n-number of times until all 
5 biopolymer sequences are complete. 

42. A method for replicating a self -addressable 
electronic device addressed with specific DNA 
sequences, comprising the steps of: 

hybridizing the complimentary sequences to the 
10 specific DNA sequences addressed on a master self- 

addressable electronic device; 

aligning unaddressed locations on a recipient 
self-addressable electronic device with the 
addressed locations on said master device; and 
15 biasing the locations on said master device 

negative and the locations on said recipient device 
positive, transporting the complimentary sequences 
to said recipient device. 

43. The method for replicating patterned sequences of 
20 claim 42, further comprising denaturing the 

complimentary sequences from the master template. 

44. A system for the detection of fluorescent or 
colorimetric binding reactions and assays, 
comprising: 

25 two or more addressable locations; and 

a detector system positioned adjacent to at 
least one of the locations. 

45. The detection system of claim 44, wherein the 
detector is an optoelectronic detector chosen from 

3 0 the group: photodiode, avalanche photodiode, or 

photomultiplier tube. 
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46. The detection system of claim 44, wherein the 
detector is an optoelectronic imaging detector 
chosen from the group: charged coupled device, 
cooled charged coupled device, intensified charged 

5 coupled device, or microchannel device. 

47. The detection system of claim 44, wherein the 
detector is capable of detecting the emission . of 
fluorescent radiation. 



48. 

10 



The detection system of claim 44 wherein the 
detector is capable of detecting the absorption of 
spectrophotometric radiation. 
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AMENDED CLAIMS . ,™ A „ ftC x 

[received by the International Bureau on 20 April 1995 (20.04.95); 
original claims 44-48 amended; new claim 49 added, 
remaining claims unchanged (2 pagesjj 

concentrating and reacting monomer B on the 
specific B locations; and 

repeating the process with monomer-A, monomer- 
B, to monomer-N, for n-number of times until all 
5 biopolymer sequences are complete. 

42 A method for replicating a self -addressable 
electronic device addressed with specific DNA 
sequences, comprising the steps of: 

hybridizing the complimentary sequences to the 
specific DNA sequences addressed on a master self- 
addressable electronic device; 

aligning unaddressed locations on a recipient 
self-addressable electronic device with the 
addressed locations on said master device; and 

biasing the locations on said master device 
negative and the locations on said recipient device 
positive, transporting the complimentary sequences 
to said recipient device. 

The method for replicating patterned sequences of 
claim 42, further comprising denaturing the 
complimentary sequences from the master template. 

The self-addressable electronic device of claim 1 
further including a system for the detection of 
fluorescent or colorimetric binding reactions and 

25 assays, comprising: 

a detector system positioned adjacent the 

selectively addressable electrode. 

The detection system of claim 44 or 49, wherein the 
detector is an optoelectronic detector chosen from 
the group: photodiode, avalanche photodiode, or 
photomultiplier tube. 
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46. The detection system of claim 44 or 49, wherein the 
detector is an optoelectronic imaging detector 
chosen from the group: charged coupled device, 
cooled charged coupled device, intensified charged 

5 coupled device, or microchannel device. 

47. The detection system of claim 44 or 49, wherein the 
detector is capable of detecting the emission of 
fluorescent radiation. 

48. . The detection system of claim 44 or 49 wherein the 
10 detector is capable of detecting the absorption of 

spectrophotometric radiation. 

49. A system for the detection of fluorescent or 
colorimetric binding reactions and assays , 
comprising: 

15 two or more addressable locations on a 

substrate; and 

one or more detector systems positioned 
adjacent to at least one of the locations and formed 
integral with the substrate. 
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